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CHAPTER  1 
General introduction 
Naturally occurring crosslinking junctions of natural rubber (NR) may have a 
potential to play an important role in the outstanding mechanical properties of the rubber, 
i.e., green strength, since it resists an applied load to deformation.  The increase in stress 
versus strain for unvulcanized NR may be related to the effect of the naturally occurring 
crosslinking junctions. In order to elucidate the exact relationship between the naturally 
occurring crosslinking junctions and the mechanical properties, it is necessary to 
understand effects of minor constituents of NR, i.e., non-rubber components and 
abnormal groups, since they may react with each other to form chemical linkages. This 
may be achieved by purification of NR. The effect of one of the minor constituents is 
comprehensively understood, when the others are removed from NR. Recently, various 
techniques have been developed to purify NR. In addition, structural analysis of minor 
constituents in NR has been carried out with various advanced instruments. Using these 
techniques and instruments, it is possible to investigate the effects of the minor 
constituents on the mechanical properties of NR with respect to the naturally occurring 
crosslinking junctions. 
 In the present study, nuclear magnetic resonance (NMR) spectroscopy was 
applied to the structural analysis of NR, which was purified by removing proteins, lipids, 
fatty acids and their esters. First, the assignments of all signals in NMR spectroscopy 
were performed with rubber obtained from Lactarius mushroom (Lactarius Volemus) as a 
model. Second, commercial NR was characterized by NMR spectroscopy based on the 
assignments of the signals for Lactarius Volemus. The damage to commercial NR was 
discussed in relation with the appearance of abnormal groups as well as their effects on 
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the mechanical properties of the rubber. Third, the effect of the naturally occurring 
crosslinking junctions on the mechanical properties of NR was investigated in 
conjunction with the effect of the non-rubber components, using rubber obtained from 
Parthenium argentatum Gray (Guayule) as a model.  
1.1 Fundamental structure of NR 
Structure of NR, isolated from Hevea brasiliensis, has been analyzed by Tanaka 
and co-workers using chemical and biochemical methods as well as spectroscopic 
techniques such as NMR spectroscopy and Fourier transform infrared (FT-IR) 
spectroscopy [1]. It is known that a linear rubber molecule primarily consists of ω-
terminal unit, two trans-1,4-isoprene units, about 5000 cis-1,4-isoprene units and α-
terminal unit, aligned in this order. Figure 1-1 shows the proposed fundamental structure 
of the linear rubber molecule, in which the ω-terminal unit and the α-terminal unit are 
expected to be a modified dimethylallyl group (ω’-terminal unit) and cis-1,4-isoprene 
linking to the functional groups, i.e., hydroxyl group (-OH), ester group (-OCOR) and 
phosphate group (α’-terminal unit), respectively. The detailed structure of both terminal 
units of NR has not been found yet, even though many extensive studies were carried out. 
This is due to NR having very high molecular weight and non-rubber components as an 
impurity.  
 
Figure 1-1 Fundamental structure of natural rubber  
The structural analysis of terminal units of NR may be concerned with the 
purification of NR to remove the non-rubber components present in NR. Table 1-1 shows 
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component and composition of NR. NR contains 94 wt% rubber hydrocarbon as a major 
component and 6 wt% other minor components such as proteins, lipids, carbohydrates, 
ash and so forth [2].  
Table 1-1 Component and composition of NR 
Component Content (wt%) 







The non-rubber components, mainly proteins and lipids, are known to be attached 
to the surface of rubber particles through the physical and chemical linkages at both 
terminal units, as shown in Figure 1-2. These non-rubber components are not easily 
removed by conventional washing and centrifugation. Kawahara developed innovative 
purification procedure of natural rubber: that is, deproteinization of the rubber with urea 
and surfactant in latex stage followed by centrifugation to remove proteins [3] and 
transesterification of the rubber in toluene solution to remove linked fatty acids and 
associated phospholipids [4]. The purified natural rubber, thus obtained, has been 
subjected to structural characterization of NR. However, the low intensity of signals of 
terminal units, which is about 1/5000 as low as that of cis-1,4-isoprene units, prevented 
the elucidation of the detailed structure of terminal units using NMR spectroscopy. 
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Figure 1-2 Schematic representation of NR latex particle 
Tanaka and co-workers used series of low molecular weight NRs as model 
compounds for structural characterization of NR, i.e., rubbers obtained from Goldenrod 
(Solidago altissima) [5], Sunflower (Helianthus annuus) [6] and Lactarius Volemus [7]. 
However, the assignments in previous work may be less reliable due to limited 
information of one-dimensional (1D) NMR spectroscopy. It is, therefore, necessary to 
apply more advanced NMR technique to assign small signals to terminal units of NR. 
Two-dimensional (2D) NMR spectroscopy is one of the powerful techniques, in which 
the interaction of direct coupling and long-range coupling between nuclei may be 
detected [8]. Therefore, using this technique, the exact structure of NR may be 
determined. 
1.2 Strain induced crystallization of NR 
Outstanding mechanical properties of unvulcanized NR, i.e., green strength, may 
be associated with the ability of NR crystallize rapidly on stretching [9]. Factors 
influencing the crystallization have been investigated so far and they were specified to 
high cis-1,4-isoprene unit content [10], the long sequence length of cis-1,4-isoprene units 
[11], the naturally occurring network structure due to the non-rubber components [12], 
the effect of fatty acids [13] and so forth. The different crystallizability between NR and 
Fig. 13. The proposed new model of the NR latex particle surrounded by a mixed
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synthetic cis-1,4-polyisoprene may be concerned with the presence of 6 wt% non-rubber 
components, which contributes to the formation of naturally occurring network structure. 
The effect of the naturally occurring network structure has been found to be an essential 
element responsible for increasing the molecular orientation and the subsequent strain 
induced crystallization [14]. On the other hand, both mixed and linked fatty acids exert a 
synergistic effect on crystallization of NR. For instance, the crystallization was found to 
be suppressed after removal of mixed fatty acids by acetone extraction [13]. However, it 
was recovered after addition of 1 w/w% stearic acids [15]. Moreover, the presence of 
abnormal groups, which reduce the long sequence length of cis-1,4-isoprene units, may 
reduce the crystallizability of NR, which results in the decrease in mechanical properties. 
It is, thus, necessary to adjust the long sequence length of cis-1,4-isoprene units, the 
abnormal groups, the naturally occurring network structure as well as the non-rubber 
components to maintain the outstanding mechanical properties of NR.  
1.3 Damage of NR during processing 
The structure of NR has been known to be damaged after NR undergoes 
processing from NR latex into solid commercial NR. This is due to the fact that NR 
contains high double bond content of cis-1,4-isoprene units, which is highly reactive after 
heating, irradiating and so forth. Besides, there is also the degradation of some non-
rubber components, which may result in destruction of the naturally occurring network 
structure of NR. These effects may be concerned with the significant reduction in 
mechanical properties of NR.  
The damage to commercial NR during processing may be investigated through 
NMR spectroscopy, since the oxidative and thermal degradations of NR during high-
temperature drying are known to generate several abnormal groups into NR molecules. In 
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previous works [16-19], several abnormal groups were detected in commercial NR. For 
instance, the trans-1,4-isoprene units, generated by cis-trans isomerization, were found 
for several commercial NRs through 
1
H-NMR spectroscopy, as reported by Farley [20]. 
In addition, the epoxy groups were found for the commercial NR through 
1
H-NMR 
spectroscopy and FT-IR spectroscopy, as reported by Chaikumpollert [16] and Young 
[21], respectively. These suggest that cis-trans isomerization and epoxidation of NR take 
place under a certain condition during drying: probably, relatively high temperature to 
dry the rubber.  
The processing of the rubber involves many steps: that is, (1) coagulating field 
latex, (2) washing with water, (3) milling and sheeting, (4) drying and (5) storing in a 
warehouse [22]. Various commercial NRs have been prepared by individual procedures, 
respectively, which are distinguished from each other in terms of coagulation and drying 
steps. For instance, the rubber sheets are prepared by air-drying or smoke-drying at 60 –
70 
0
C for 3–4 days. These rubbers are known to be Air-Dried Sheet (ADS) and Ribbed 
Smoked Sheet (RSS). In contrast, Pale Crepe (PC) was prepared by drying at 35–40 
0
C 
for 3–5 days or air-drying for 5–10 days, after sheeting the rubber coagulated from the 
latex. Other commercial types of NR, known as Technically Specified Rubbers (TSRs) in 
block form, are systematically graded, based on technical specifications prescribed by the 
International Standards Organization (ISO), i.e., dirt content, ash content, nitrogen 
content, volatile matter content and so forth. Based on these specifications, major rubber-
producing countries introduced their respective standards as Standard Malaysian Rubber 
(SMR), Standard Thai Rubber (STR), Standard Indonesian Rubber (SIR) and Standard 
Vietnamese Rubber (SVR). The TSRs are usually dried at 100 
0
C or higher. Technically 
Specified Sheet (TSS) was produced from 100 % unsmoked sheet using improved STR 
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technology. Properties of TSS are similar to those of RSS. Different types and grades of 
commercial NR are available in the market and they are summarized in Figure 1-3. 
 
Figure 1-3 General natural rubber types and grades [23] 
 1.4 Naturally occurring crosslinking junctions 
Raw (unvulcanized) NR is known to be superior in mechanical properties due 
probably to the presence of naturally occurring crosslinking junctions. It is hypothesized 
that the naturally occurring crosslinking junctions are formed by physical and chemical 
interactions of ω’-terminal and α’-terminal units of NR molecule with non-rubber 
components such as proteins and phospholipids, which may result in physical 
crosslinking junctions and chemical crosslinking junctions, respectively. Both physical 
crosslinking junctions and chemical crosslinking junctions are known to form three-
dimensional network structure, as reported by Tanaka and co-workers. The network 
structure may be responsible for the outstanding mechanical properties of NR [24]. The 
schematic representation of the naturally occurring crosslinking junctions is shown in the 
Figure 1-4. 
Natural rubber 
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Figure 1-4 Schematic representation of naturally occurring crosslinking junctions in NR 
The naturally occurring crosslinking junctions may be related to the formation of 
gel fraction in NR, since the gel is insoluble in toluene due to crosslinking. The removal 
of the non-rubber components is expected to reduce gel content as well as number of 
crosslinking junctions. In fact, in the previous work [25], Chaikumpollert and co-workers 
found that the removal of all proteins from NR resulted in the significant decrease in 
green strength of NR. However, Tanaka reported that the removal of the proteins didn’t 
change the mechanical properties, even though the amount of residual proteins was 
negligibly low. In contrast, the removal of phospholipids and linked fatty acids, 
performed by transesterification [4] and saponification [26], were found to reduce the 
mechanical properties of NR. The transesterified NR and saponified NR possessed poor 
mechanical properties similar to synthetic cis-1,4-polyisoprene (IR).  
1.5 Parthenium argentatum Gray (Guayule) 
Rubber isolated from Parthenium argentatum Gray, so-called Guayule rubber, is 
extensively studied as an alternative source for NR obtained from Hevea brasiliensis, 
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structure of Guayule rubber was reported to be identical to that of NR [27]. However, the 
non-rubber components of Guayule rubber were quite distinguished from those of NR 
[28], since Guayule rubber is produced by solvent extraction of crushed shrubs while NR 
is obtained as latex by tapping from Hevea brasiliensis. For instance, the amount of the 
proteins is negligibly small, since the proteins are less soluble in hexane useful for 
extraction of Guayule rubber, whereas that of lipids and fatty acids is significantly large. 
The difference in the procedure to prepare the rubbers may be also related to the gel 
content, mechanical properties and so forth. For instance, Guayule rubber is soluble in 
organic solvent, corresponding to no gel fraction and no naturally occurring crosslinking 
junctions. Therefore, Guayule rubber may be useful to investigate the relationship 
between structure and properties of NR as a model.  
1.6 Outline of this thesis  
 This thesis was divided into 5 chapters, which were devoted to a better 
understanding of the exact effect of the naturally occurring crosslinking junctions on 
mechanical properties. The minor constituents, i.e., abnormal groups and non-rubber 
components, were quantitatively analyzed and they are related to the mechanical 
properties of NR. The content of each chapter was summarized as follows: 
 In Chapter 1 “General introduction”, a general concept on fundamental structure 
of NR, strain induced crystallization of NR, damage of NR during processing, naturally 
occurring crosslinking junctions of NR and rubber obtained from Parthenium argentatum 
Gray were described by referring to the previous papers and literatures. 
In Chapter 2 “Structural characterization of rubber from Lactarius Volemus 
through 2D-NMR spectroscopy”, structural characterization of low molecular weight 
rubber isolated from Lactarius Volemus (LV rubber) was carried out by 2D-NMR 
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spectroscopy. The LV rubber was collected as a latex by tapping mushroom basidiocarp 
followed by purification. The resulting LV rubber was characterized by high resolution 
NMR spectroscopy such as hetero-nuclear multiple quantum coherence (HMQC) and 
hetero-nuclear multiple bond correlation (HMBC) in conjunction with pulse field 
gradient technique. The small 
13
C signals in the aliphatic region and unsaturated region in 
the 
13
C-NMR spectrum were carefully correlated to the 
1
H signals of terminal units. A 
signal, newly found in 
1
H-NMR spectrum, was assigned to the methylene proton of 
carbon C1 of trans-1,4-isoprene unit and three 
13
C signals in 
13
C-NMR spectrum were 
assigned to methine carbons C3 of terminal units of the LV rubber. Consequently, all 
small signals were successfully assigned to terminal units of LV rubber as a model 
compound.  
 In Chapter 3 “Analysis of damage in commercial natural rubber through NMR 
spectroscopy”, damage to commercial NR during processing was investigated through 
liquid state NMR spectroscopy. Various commercial rubbers were used in the present 
study such as PC, RSS3, TSS8
®
, STR5L and SMR20. As-cast films of the rubbers were 
prepared by solution casting method and they were purified by acetone extraction. 







C-NMR signals at 39.8 and 40.0 ppm were assigned to the trans-1,4-
isoprene units in the trans-trans and cis-trans sequences, respectively, while the signals 
at 60.8 and 64.5 ppm were assigned to C2 and C3 of an cis epoxy group, respectively. 
The cis epoxy groups were found for PC, STR5L, RSS3, TSS8
®
 and SMR20, whereas the 
trans-1,4-isoprene units from cis-trans isomerization were detected for TSS8
®
 and 
SMR20. The amount of these groups in TSS8
®
 and SMR20 were higher than those in PC, 
STR5L and RSS3. Mechanical properties of TSS8
®
 and SMR20 were found to be lower 
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than those of PC, STR5L and RSS3. The mechanical properties depended mainly upon 
the damage of the rubbers during processing.  
In chapter 4 “Effect of naturally occurring crosslinking junctions on green 
strength of natural rubber”, effect of the naturally occurring crosslinking junctions on 
green strength of natural rubber isolated from Hevea brasiliensis was investigated by 
using a rubber extracted from Parthenium argentatum Gray (Guayule) as a model. 
Guayule rubber and natural rubber were characterized through NMR spectroscopy and 
size exclusion chromatography. The non-rubber components were characterized by 
Kjeldahl method and FT-IR spectroscopy. It was found that Guayule rubber contains 
much amount of fatty acids and their esters, while it contained no proteins. The gel 
content, determined by swelling method, was related to number of naturally occurring 
crosslinking junctions. The outstanding mechanical properties of natural rubber were 
found to be due to the effect of naturally occurring crosslinking junctions, when stress-
strain curve and tensile properties of unvulcanized Guayule rubber were compared with 
those of unvulcanized natural rubber.  
 In chapter 5 “General conclusion”, the effects of the minor constituents are 
summarized in conjunction with the effect of the naturally occurring crosslinking 
junctions. 
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CHAPTER 2 
Structural characterization of rubber from Lactarius Volemus through 2D-NMR 
spectroscopy 
2.1 Introduction 
Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique to 
analyze a primary structure of naturally occurring cis-1,4-polyisoprene, since chemical 
shift of NMR signals reflects sequence and composition of constituents, i.e., initiating 
unit (ω-terminal unit), terminating unit (α-terminal unit), cis-1,4-isoprene units, trans-
1,4-isoprene units and so forth [1,2]. For instance, the terminal units of the naturally 
occurring cis-1,4-polyisoprene have been analyzed through NMR spectroscopy by 
comparison with those of model compounds [3,4]. In addition, biosynthesis pathway of 
the naturally occurring cis-1,4-polyisoprene was investigated on the basis of the structural 
analysis of the terminal units: that is, several allylic diphosphates were proposed as 
initiating species and/or substrate for the biosynthesis [4-7]. Farnesyl diphosphate (FDP) 
and geranylgeranyl diphosphate (GGDP) were conclusively found to be the initiating 
species of the biosynthesis [8], since the trans-trans-cis sequence of FDP was carefully 
distinguished from the trans-trans-trans-cis sequence of GGDP by analyzing methyl 
proton signals of trans-1,4-isoprene units through high frequency NMR spectroscopy [9]. 
In contrast, the terminating species were found to be hydroxyl and ester groups through 
NMR spectroscopy and they were hypothesized to be obtained by hydrolysis and 
esterification of the prenyl phosphate. Therefore, structural analysis of the terminal units 
through NMR spectroscopy has been widely recognized to be important to elucidate the 
biosynthesis pathway of the naturally occurring cis-1,4-polyisoprene, in which the 
resulting information is believed to be useful to understand the reason why natural rubber 
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(NR) is excellent. However, less reliability of the assignments of the signals in the 
previous works remained due to the absence of specific connectivity data of 1D-NMR 
spectroscopy. 
2D-NMR spectroscopy is known to be well sophisticated technique to investigate 












C and so forth. 
For instance, in the previous work [10], careful assignment of signals of modified natural 





enhancement by polarization transfer (DEPT), attached proton test (APT) and 2D-NMR 
spectroscopy such as HMQC, HMBC and so forth, in order to determine these structures. 
The correlation arising from the spin coupling reflects not only chemical environments 
but also chemical linkages between the nuclei: that is, hetero-nuclei correlation 
(HETCOR) and HMQC may directly correlate carbons to protons or vice versa. The 
assignments can be confirmed by measurements of the correlation via long-range 
coupling (COLOC) and HMBC, in which the 
1
H signal is correlated with the 
13
C signal 
that is one or two atoms apart from the directly linked carbon atom. In addition, the 
assignments performed by 2D-NMR spectroscopy are known to be more reliable after 
determination of the number of substituents through DEPT measurements. For instance, 
in the previous works, the 2D-NMR spectroscopy after DEPT measurements was applied 
to the analysis of the primary structure of epoxidized NR, crosslinked NR and so forth 
[10]. The 
1
H signals in aliphatic region for epoxidized NR were carefully assigned to cis-
1,4-isoprene units and epoxidized isoprene units.  
In the previous studies [11,12], the naturally occurring cis-1,4-polyisoprene, 





spectroscopy. The structure of the LV rubber was found to be composed of dimethylallyl 
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group linking to two trans-1,4-isoprene units, a long sequence of cis-1,4-isoprene units 
and hydroxyl and fatty acid groups at α-terminal. Several small signals in aliphatic region 
for the LV rubber were assigned to the terminal units of the naturally occurring cis-1,4-
polyisoprene on the basis of the assignments of the signals for polyprenol 11 and 




C-NMR spectra that could not be distinguished from 1D-NMR spectroscopy. 
Therefore, these signals are still unknown or unassigned in the previous work. In order to 
assign these signals and confirm the structure of the LV rubber, it is necessary to perform 




C signals.  
In the present study, assignment of the terminal units and trans-1,4-isoprene units 
of the naturally occurring cis-1,4-polyisoprene from LV rubber will be made through the 
2D-NMR spectroscopy, i.e., HMQC and HMBC. Several signals in unsaturated aliphatic 
region were newly assigned to the terminal units of the naturally occurring cis-1,4-




C signals. These 
assignments were supported using prenyl 11 monophosphate and prenyl 18 
monophosphate as model compounds. 
2.2 Experimental 
2.2.1 Preparation of samples 
The LV rubber used in the present work was the naturally occurring cis-1,4-
polyisoprene isolated from LV mushroom. The LV rubber was recovered as a precipitate 
by pouring the latex into ethanol, after tapping. It was purified by reprecipitation of 
toluene solution into methanol followed by acetone extraction for 8 hours. The resulting 
LV rubber was dried for more than a week. Prenyl 11 monophosphate and prenyl 18 
monophosphate were used without further purification.  
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2.2.2 NMR measurements 





C- and 2D-NMR measurements were performed with a 





respectively. The conditions for the measurements are listed in Table 2-1. Chemical shifts 
were referred to benzene in benzene-d. The NMR measurements were carried out at 50 
0





Table 2-1 Conditions for 1D- and 2D-NMR measurements 
Spectrum Temperature (
0
C) Pulse repetition time (s) Number of scans 
1




C 50 5 
20000 
(1000)* 
HMQC 50 2 512 
HMBC 50 2 512 
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HMQC spectrum was measured using the gradient pulses with 1.5 s of relaxation 
delay. One bond coupling constant 
1
JCH used in the HMQC measurement was 140 Hz. 
The acquired data from the HMQC measurement was processed using a shifted sine-bell 
function prior to Fourier-transformation. HMBC spectrum was measured using the 
gradient pulses with 1.5 s of the relaxation delay at 140 Hz of the 
1
JCH and 8 Hz of a long 
range coupling constant 
2-4
JCH. The acquired HMBC data was processed using the shifted 
sine-bell function followed by the trapezoid function prior to the Fourier-transformation. 
2.3 Results and discussion 
Figure 2-1 shows a plausible structure of the naturally occurring cis-1,4-
polyisoprene isolated from the LV rubber. It consists of dimethylallyl group as a ω-
terminal, two trans-1,4-isoprene units, about 300 cis-1,4-isoprene units and isoprenol 
group as a α-terminal, aligned in this order [13]. The isoprenol group may be esterified 
with long chain fatty acid to form ester linkages. 
 
 










H-NMR spectrum for Lactarius Volemus rubber 
Figure 2-2 shows the 
1
H-NMR spectrum for the LV rubber measured in C6D6 
solution. Three characteristic signals appeared at 1.77, 2.20 and 5.29 ppm, which were 
assigned to methyl proton (H5), methylene protons (H1, H4) and unsaturated methine 
proton (H3) of cis-1,4-isoprene units, respectively. In the aliphatic region of 
1
H-NMR 
spectrum, ranging from 1.5 to 1.7 ppm, five small signals at 1.58, 1.62, 1.64, 1.66 and 
1.68 ppm were assigned to methyl protons of terminal units and trans-1,4-isoprene units 
according to the triad sequences of polyprenols [12] as follows: signal at 1.58 ppm 












1.700 1.675 1.650 1.625 1.600 1.575 1.550 1.525 
  ω(c) 




  ω(t) 
  ω-t-t 
  α 
4.8 4.6 4.4 4.2 4.0 
  α 
-CH
2




7 6 5 4 3 2 1 
Chemical shift (ppm from TMS) 
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respectively, signal at 1.66 ppm assigned to proton α and signal at 1.68 ppm assigned to 
proton ω(c). The abbreviations are explained as follows: ω(t) and ω(c) represent the 
methyl protons of the dimethylallyl group in (Z) and (E) configuration against the main 
chain, respectively, ω-t-t and t-t-c represent methyl protons of trans-1,4-isoprene units in 
the ω-trans-trans and trans-trans-cis sequences, respectively, and α represents methyl 
proton of cis-1,4-isoprene at α-terminal. These nomenclatures belong to those defined in 
the previous literature [9]. It is also seen that two small doublet signals appeared at 4.02 
and 4.71 ppm, which could be assigned to the methylene protons linking to hydroxyl 
group (α CH2-OH) and ester group (α CH2-OCOR) at α-terminal, respectively. The 
spliting of these signals may be explained to be due to the spin coupling with one 
neighbouring proton of methine group at α-terminal. These assignments were in 
agreements with those reported in literature for the LV rubber. 
To prove the assignment of the signals in 
1
H-NMR spectrum, it is necessary to 
correlate the 
1
H signals to 
13
C signals through 2D-NMR spectroscopy. However, in the 




C signals were carried out 





NMR measurements for the LV rubber were independently performed in C6D6 and CDCl3, 




C-NMR measurements must be 
performed for the LV rubber in the same deuterated solvent, i.e., C6D6 or CDCl3. In the 
previous literature [13], methyl proton
 
signals of terminal units of NR were distinguished 
from each other in C6D6, whereas they overlapped in CDCl3. Therefore, in the present 
work, C6D6 was selected as a suitable solvent for 2D-NMR measurement to observe the 
1
H signals of terminal units and correlate with the 
13
C signals [14]. 
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Figure 2-3 shows 
13
C-NMR spectrum for the LV rubber in C6D6 solution. Here, 
the numbers on carbon atoms of cis-1,4-isoprene units, including the dimethylallyl group, 
belong to IUPAC nomenclature. Five major signals at 23.6, 26.9, 32.7, 125.7 and 135.3 
ppm were assigned to C5, C4, C1, C3 and C2 of cis-1,4-isoprene units, respectively. In 
previous work, the small 
13
C signals were assigned to terminal units by comparison with 
those of polyprenols [15]. However, in the present work, the assignments of small 
13
C 
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Figure 2-4 shows expanded HMQC spectra for the LV rubber, in which the 
13
C 
signal was correlated to directly connected 
1
H signal. One example of the assignment was 
as follows: in Figure 2-4a, the 
13
C signal at 16.20 ppm was correlated with the 
1
H signals 
at 1.62 and 1.64 ppm, which were assigned to methyl groups of trans-1,4-isoprene units. 
Therefore, the 
13
C signal was assigned to C5 of trans-1,4-isoprene units. The other 
signals were assigned in the similar way.  
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In Figure 2-4b, four small signals at 59.09, 60.17, 60.83 and 64.04 ppm assigned 
to methylene carbon linking to hydroxyl group (α C4 CH2OH), ester group (α C4 CH2-
OCOR) at α-terminal and an epoxy group [12,13] were distinguished based on 
observation of correlations as follows: the correlation between the 
1
H signal of α 
hydroxyl terminal at 4.02 ppm with the 
13
C signal at 59.09 ppm indicated that the signal 
at 59.09 ppm was assigned to C4 of α hydroxyl terminal. In the similar way, the 
1
H signal 
of α ester terminal at 4.71 ppm was correlated with 
13
C signal at 60.83 ppm. Therefore, 
the signal at 60.83 ppm was assigned to C4 of α ester terminal. The other two signals at 
60.17 and 64.04 ppm were, thus, assigned to C2 and C3 carbon of an epoxy group [10], 
respectively. The assignments and spin couplings of the 
13
C signals for the LV rubber 
were tabulated in Table 2-2.  
In Figure 2-4c, the 
13
C signal at 40.20 ppm was correlated to the 
1
H signal at 2.12 
ppm.  The 
13
C signal at 40.20 ppm was well assigned to carbon C1 of trans-1,4-isoprene 
units. Therefore, it is rational to assign the signal at 2.12 ppm to the proton of C1 
methylene group of trans-1,4-isoprene units (trans H1). The assignment of the methylene 
proton of trans-1,4-isoprene unit was known to be difficult, since it was overlapped with 
the large signal of methylene proton of cis-1,4-isoprene units at 2.20 ppm. In the present 
work, thus, the assignment of the 
1
H signal at 2.12 ppm may be explained to be due to the 
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Table 2-2 Assignments for 
13
C signals and spin couplings appearing in HMQC spectrum 





Assignments Chemical shift  for spin coupled 
1
H 
signals in HMQC spectrum (ppm) 
14.28 CH3 ester fatty acid 0.95 








26.96 cis C4 2.20 
32.68 cis C1 2.20 
29.59-30.14 CH2 (fatty acid) 1.23-1.38 
40.20 trans C1 2.12 
59.09 α
 
 C4 (hydroxyl) 4.02 
60.83 α
 
C4 (ester) 4.71 
120.7 α
 
C3 (ester) - 
ca.125 ω C3, trans C3 5.29 
125.7 cis C3 5.29 
131.1 ω
 
 C2 - 
135.3 cis C2 and trans C2  - 
138.5 α C2 (hydroxyl) - 
141.6 α
 
C2 (ester) - 
172.8 OCOR - 
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               Figure 2-5 Expanded HMBC spectrum for Lactarius Volemus rubber 
Figure 2-5a shows HMBC spectra, ranging from 4.00 to 4.75 ppm in proton 
domain and from 100 to 176 ppm in carbon domain, for the LV rubber, in which 
1
H signal 
was correlated to 
13
C signal being one or two atoms apart from the directly linked carbon 
atom. In this HMBC spectra region, the 
1
H signals of cis-1,4-isoprene units at α-terminal 
were correlated to their corresponding unsaturated 
13
C signals. For instance, the 
1
H signal 
at 4.02 ppm of α hydroxyl terminal was correlated to the 
13
C signals at 125.9 and 138.5 
ppm. Therefore, in the present work, the signals at 125.9 and 138.5 ppm were assigned to 
C3 and C2 of cis-1,4-isoprene unit at α hydroxyl terminal, respectively. Likewise, the 
1
H 
signal at 4.71 ppm of α ester terminal was correlated to the 
13
C signals at 120.7, 141.6 
and 172.8 ppm. Thus, the two signals at 120.7 and 141.6 ppm were attributed to C3 and 
C2 of cis-1,4-isoprene unit at α ester terminal, respectively and the signal at 172.8 ppm 
could be assigned to carbon atom of carboxylate group (-OCOR) linking to NR at α ester 
terminal. The existence of correlation between 
13
C signal at 172.8 ppm and 
1
H signal at 
4.71 ppm proved that fatty acid linked directly to the rubber chain through ester linkage, 
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Figure 2-5b shows HMBC spectra, ranging from 1.55 to 1.70 ppm in proton 
domain and from 120 to 145 ppm in carbon domain, for the LV rubber. In this region of 
HMBC spectra, the methyl proton signals of terminal units and trans-1,4-isoprene units 
were correlated to their unsaturated carbon signals, i.e., C2 and C3 carbons. For example, 
the 
1
H signal at 1.66 ppm of methyl proton at α-terminal was correlated to 
13
C signals at 
120.7, 125.9, 138.5 and 141.6 ppm. Consequently, these 
13
C signals were correctly 
assigned to unsaturated 
13
C signals at α-terminal, as discussed above. On the other hand, 
two 
1
H signals of methyl group at ω-terminal, ω(t) and ω(c), at 1.58 and 1.69 ppm 
showed correlations to the 
13
C signals at 125 and 131.1 ppm, respectively. Therefore, 
these 
13
C signals were assigned to C3 and C2 of dimethylallyl group at ω-terminal, 
respectively. In the current work, the signal of carbon C3 of ω-terminal unit was found to 
appear at 125 ppm due to the 2D correlation. It is also observed that the two 
1
H signals at 
1.62 and 1.64 ppm, assigned to methyl protons of two trans-1,4-isoprene units, were 
correlated to the 
13
C signals at 125 and 135.3 ppm, respectively. As a result, the 
13
C 
signals at 125 and 135.3 ppm were assigned to unsaturated carbon C3 and C2 of trans-
1,4-isoprene units, respectively, even though these signals overlapped with the major 
signals of C3 and C2 of cis-1,4-isoprene units in 
13
C-NMR spectrum of the LV rubber. 
Table 2-3 summarized the assignments for the signals and spin couplings of the HMBC 
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Table 2-3 Assignments for 
1
H signals and spin couplings appearing in HMBC spectrum 







Assignment Chemical shift for spin coupled 
13
C 
in HMBC spectrum (ppm) 
1.58 H5 of ω  125; 131.1 
1.62 H5 of ω-t-t 40.20; 125; 135.3 
1.64 H5 of t-t-c 40.20; 125; 135.3 
1.66 H5 of α 120.7; 125.9; 138.5; 141.6 
1.69 H1 of ω 125; 131.1 
1.77 H5 of cis 32.68; 125.7; 135.3 
2.12 H1 of trans 16.20; 125; 135.3 
2.20 H4 of cis 32.68; 125.7; 135.3 
2.20 H1 of cis  23.64; 26.96; 125.7; 135.3 
4.02 H4 of α 
 
hydroxyl 125.9; 138.5 
4.71 H4 of α ester 120.7; 141.6; 172.8 
5.29 H3 of cis 23.64; 26.96; 32.68; 135.3 
 
 





H-NMR spectra in methyl proton region for prenyl 11 monophosphate (A), 
prenyl 18 monophosphate (B) and LV rubber (C) 
 
In order to prove the assignment of the signals at 125 ppm, prenyl 11 
monophosphate (dimethylallyl-(trans)3-(cis)7-OP) and prenyl 18 monophosphate 
(dimethylallyl-(trans)2-(cis)15-OP) were used as models, in which P represents 
phosphoric acid ester group. At the first time, 
1
H-NMR measurements were performed to 
prove that prenyl 11 monosphosphate, prenyl 18 monophosphate and the LV rubber 
realized ω-trans-trans-cis, ω-trans-trans-trans-cis and ω-trans-trans-cis sequences, 
respectively, at the ω-terminal unit. Figure 2-6 shows 
1
H-NMR spectra for prenyl 11 
monosphosphate (A), prenyl 18 monophosphate (B) and the LV rubber (C), ranging from 
1.55 to 1.75 ppm.  The small signals, appearing in this region, were assigned to methyl 
protons of ω-terminal units, α-terminal and trans-1,4-isoprene units. The signals at 1.58 
and 1.69 ppm, assigned to the methyl protons of the ω-terminal unit, appeared for not 
only the LV rubber but also prenyl 11 monosphosphate and prenyl 18 monophosphate. 
The signal at 1.62 ppm, assigned to the methyl proton of trans-1,4-isoprene unit of ω-
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ppm, assigned to the methyl proton of trans-1,4-isoprene unit of trans-trans-cis sequence, 
appeared for prenyl 18 monophosphate and the LV rubber, but not for prenyl 11 
monosphosphate [9]. In the case of prenyl 11 monosphosphate, the signals at 1.63 and 
1.65 ppm appeared, which were assigned to the methyl protons of trans-1,4-isoprene 
units of trans-trans-trans and trans-trans-cis sequences, respectively. Consequently, the 
ω-terminal unit of the LV rubber is assured to be ω-trans-trans-cis sequence: that is, two 






C-NMR spectra in C3 methine regions for prenyl 11 monophosphate (A), 
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Figure 2-7 shows 
13
C-NMR spectra, ranging from 124 to 126 ppm, for prenyl 11 
monosphosphate, prenyl 18 monophosphate and the LV rubber. Several small signals at 
around 125 ppm were assigned to methine carbon C3 of ω-terminal and trans-1,4-
isoprene units according to assignments for polyprenol and dolichol reported by Tanaka 
and coworkers [2,16]. In the 
13
C-NMR spectra for LV rubber and prenyl 18 
monophosphate, there are three signals appeared at 124.7, 124.8 and 125.0 ppm. On the 
other hand, four signals appeared in 
13
C-NMR spectrum for prenyl 11 monophosphate: 
that is, 124.7, 124.8, 124.9 and 125.0 ppm. This is consistent with the fact that the 
inititating species of the LV rubber and prenyl 18 monophosphate contain two trans-1,4-
isoprene units, i.e., ω-trans-trans, whereas that of prenyl 11 monophosphate contains 
three trans-1,4-isoprene units, i.e., ω-trans-trans-trans. Therefore, in the present work, 
the signal at 124.9 ppm, which was absent in the spectrum of prenyl 18 monophosphate 
and the LV rubber, is clearly assigned to C3 of trans-1,4-isoprene unit in the trans-trans-
trans sequence. In the previous work, Tanaka and co-workers [17] reported that 
dimethylallyl group and trans-1,4-isoprene unit have similar shielding effect, since the 
signal of trans C1 in the trans-trans sequence was observed to have the same chemical 
shift with that in ω-trans sequence. Therefore, it is proved that the chemical shift of C3 
carbon of trans-1,4-isoprene unit in trans-trans-trans sequence is similar to that in ω-
trans-trans sequence. From that point of view, the signal at 124.8 ppm was assigned to 
C3 of trans-1,4-isoprene unit in the ω-trans-trans sequence, since it appeared near to 
signal of trans-trans-trans at 124.9 ppm. Finally, the two signals, i.e., 124.7 and 125.0 
ppm, were assignable to C3 of trans-1,4-isoprene units in trans-trans-cis and ω-terminal, 
respectively. The assignment for these signals agreed with previous work for dolichol 
[16]. By using prenyl 11 monophosphate and prenyl 18 monophosphate as model 
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compounds, the small signals at 125 ppm in 
13
C-NMR spectrum of the LV rubber were 
successfully assigned to C3 of ω-terminal and trans-1,4-isoprene units. The detail 
assignments were tabulated in Table 2-4.  
Table 2-4 Assignments for C3 carbons of  ω-terminal and trans-1,4-isoprene units of 





LV rubber Assignment 
124.7 124.7 124.7 C3 of t-t-c     
124.8 124.8 124.8 C3 of ω-t-t    
124.9 - - C3 of t-t-t      














ω trans cis α
OH
2 n
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On the basis of assignments obtained by 2D-NMR spectroscopy in the current 
work for the LV rubber, the substrate for the biosynthesis was demonstrated conclusively 
to be farnesyl diphosphate, which is produced by isomerization of isopentenyl 
diphosphate to dimethylallyl diphosphate followed by condensation reaction with 
isopentenyl diphosphate twice in trans-addition (Figure 2-8). The farnesyl diphosphate 
may react with isopentenyl diphosphate in cis-addition to produce naturally occurring cis-
1,4-polyisoprene. The resulting polymer, thus, contains ω-trans-trans sequence at the ω-
terminal unit. It is worthy of note that the termination of biosynthesis of the LV rubber 
may proceed either through esterification or hydroxylation [15,18], since the diphosphate 
terminal unit is converted to ester or hydroxyl groups, as is evidence from the 




C-NMR spectra. Therefore, the termination 
of biosynthesis may be considered to take place in terms of dephosphorylation of the 
rubber followed by esterification or hydroxylation to form ester and hydroxyl groups, 
respectively. Especially, the α-terminal of the rubber is cis-1,4-isoprene units linking to 




C signals, which are 
observed through 2D-NMR spectroscopy.  
2.4 Conclusion  
Correlations of signals of terminal units for the LV rubber were observed through 
2D-NMR spectroscopy such as HMQC and HMBC. Several unknown signals were 
clearly assigned to terminal units in the present work. The signal of methylene proton of 
C1 carbon of trans-1,4-isoprene unit was found at 2.12 ppm. Furthermore, the 
13
C signals 
at 124.7, 124.8 and 125.0 ppm were newly assigned to C3 methine carbons of terminal 
units in the present work: that is, the signal at 124.7 ppm assigned to C3 of trans-1,4-
isoprene unit in tran-trans-cis sequence, the signal at 124.8 ppm assigned to C3 of trans-
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1,4-isoprene unit in ω-trans-trans sequence and the signal at 125.0 ppm assigned to C3 of 
dimethylallyl group at ω-terminal. Due to the correlation between carbon atom of 
carboxylate group with methylene proton of cis-1,4-isoprene unit at α-terminal, the fatty 
acid was proved to link to NR. The assignment for small signals due to the initiating 
terminal through 2D-NMR spectroscopy supported the conclusion reported in previous 
work that the initiating species for biosynthesis of the LV rubber was ω-trans-trans 
sequence and therefore FDP was the only-one substrate to prepare the LV rubber.  
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CHAPTER 3 
Analysis of damage in commercial natural rubber through NMR spectroscopy 
3.1 Introduction  
Abnormal groups of NR, which form gel fraction, prevent analysis of their 
structure, since the gel fraction is insoluble in deuterated solvents. The abnormal groups, 
i.e., epoxy groups, trans-1,4-isoprene units, formyl groups, cyclic ester groups (lactone) 
and so forth, are known to react to each other to crosslink NR molecules [1,2]. In 
addition, the long sequence length of the cis-1,4-isoprene units may be reduced, when the 
abnormal groups were added onto the backbone of the rubber molecules. The decrease in 
the long sequence length of the cis-1,4-isoprene units may suppress crystallization of NR 
on stretching, i.e., strain induced crystallization. For instance, the presence of trans-1,4-
isoprene units due to isomerization on the main-chain of the rubber molecules 
significantly decreases crystallization of NR upon stretching [3]. The suppressed 
crystallization on stretching may deteriorate the excellent mechanical properties of NR 
such as tensile strength, tear strength, permanent set and so forth. Therefore, it is 
necessary to decrease the amount of the abnormal groups of NR to maintain the long 
sequence length of cis-1,4-isoprene units, which are responsible for the outstanding 
mechanical properties of NR.  
The abnormal groups of NR may be analyzed by NMR spectroscopy after 
converting insoluble gel fraction to soluble fraction through two methods, i.e., physical 
and chemical methods, since physical and chemical crosslinking junctions are formed 
with the abnormal groups. The abnormal groups may be isolated after decomposition of 
the crosslinking junctions. One of the plausible methods to decompose the chemical 
crosslinking junctions is transesterification with CH3ONa [4], whereas that to decompose 
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the physical crosslinking junctions is addition of polar solvents [5]. Transesterification is 
useful for decomposition of ester linkages while the other chemical linkages formed with 
the abnormal groups still remain undecomposed. In contrast, all physical crosslinking 
junctions are decomposed with strong polar solvents, which convert gel fraction to 
branched molecules. Therefore, in the present work, the strong polar solvents were used 
to develop a new method to analyze the structure of abnormal groups of NR. 
In previous works [6,7], analysis of abnormal groups of commercial NR through 
NMR spectroscopy has been done with sol fraction, which was separated from the gel 
fraction through filtration. For instance, Farley carried out 
1
H-NMR measurements for the 
sol fraction obtained from several commercial rubbers and found that the trans-1,4-
isoprene unit content varied between rubber grades, suggesting that cis-trans 
isomerization of NR may be an additional source of the trans-1,4-isoprene unit [7]. 
However, cis-trans isomerization was not confirmed in this case due to lack of the signal 
corresponding to cis-trans isomerization in the 
13
C-NMR spectrum. On the other hand, 
Eng and co-workers reported that the signal from cis-trans isomerization was detected for 
UV-degraded and masticated NR through 
13
C-NMR spectroscopy [8]. In addition, in our 
previous work, 
1
H-NMR measurements were performed for commercial rubbers and 
found that, in certain cases, commercial rubbers undergo epoxidation [9]. However, 
whether cis-trans isomerization and epoxidation occur during NR processing remains 
ambiguous. 
Epoxidation and cis-trans isomerization may be associated with the procedure to 
manufacture commercial NR [9,10]. Generally, manufacture of commercial NR involves 
many steps, including (1) coagulating field latex, (2) washing with water, (3) milling and 
sheeting, (4) drying and (5) storing in a warehouse [11]. Among these, the drying step 
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may result in the oxidative degradation, which introduces several abnormal groups on the 
rubber chain. This assumption is based on the fact that the structure of the long sequence 
of the cis-1,4-isoprene units in NR is very sensitive to the thermal condition (i.e., high-
temperature processing). Therefore, it is important to characterize the structure of 
commercial NR and to investigate the effect of the processing condition on the abnormal 
groups of commercial NR.  
In the present work, the appearance of abnormal groups in commercial NR and 
the effect on the mechanical properties were investigated. First, the chemical structure of 
commercial NR was analyzed through liquid state NMR spectroscopy. Then, the effect of 
processing condition on the chemical structure of the rubbers was discussed with respect 
to the appearance of several abnormal groups. In addition, tensile strength was measured 
to examine the effect of oxidative degradation during processing of the rubbers. 
3.2 Experimental 
3.2.1 Materials 
The commercial NR used in the present study were STR5L, RSS3, TSS8
®
, PC 
and SMR20. SMR20, STR5L, RSS3 and PC are commercially available as a bulk and 
TSS8
®
 is prepared from an unsmoked sheet of NR by Von Bundit Co. Ltd, Thailand. To 
elucidate the influence of the drying temperature during processing, these samples were 
selected based on the different drying temperatures during processing. PC is usually dried 
for 2 – 4 days at 35 – 40 °C, whereas RSS3 is dried in a smokehouse for about one week 
at 60 – 70 °C. Lower grade rubber (i.e., SMR20) is dried at a very high temperature (i.e., 
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3.2.2 Preparation of the rubber films 
The rubber films were prepared by the solution casting method (Figure 3-1). First, 
a commercial solid rubber was dissolved in dried toluene (1–2 w/w%) while stirring for 
24 hours. Then a small amount of methanol (2–4 w/w% of the total weight of toluene 
solution) was added to dissolve the soft gel. The resulting solution was cast onto a petri 
dish and dried in a vacuum at room temperature to obtain a rubber film. The film was 
subsequently purified with hot acetone for 24 hours and dried in a vacuum at 30 °C for 3 
days before characterization. 
 










Toluene 1-2 w/w% 
Methanol  2-4 w/w% Stirring within 24 
hrs 
Rubber solution 
Casting on petri dish 
Rubber 
Vacuum drying 
at room temperature 
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3.2.3 Transesterification  
Transesterification of the acetone-extracted commercial rubbers was carried out in 
a toluene solution (1 w/w%) by a reaction with freshly prepared sodium methoxide while 
stirring at room temperature under a N2 atmosphere for 3 hours. The resulting 
transesterified rubber was purified by precipitating the rubber solution using an excess 
methanol (three times) and dried in a vacuum at room temperature for a week. 
3.2.4 Fourier transform infrared (FT-IR) spectroscopy 
The amount of fatty acid ester groups was determined based on the calibration 
curve prepared using a mixture of stearic acid methyl ester and synthetic cis-1,4-
polyisoprene, Kuraprene IR10. FT-IR measurement samples were prepared by casting a 
chloroform solution (2 w/w%) onto a KBr disk. The FT-IR experiments were performed 
by a JASCO FT-IR 4100 spectrometer at 100 scans ranging from 400 to 4000 cm
-1
 with a 
resolution of 4 cm
-1
.  
3.2.5 Size exclusion chromatography (SEC) 
 The molecular weight and the molecular weight distribution of the rubbers were 
measured with a LC-2000 GPC, consisting of a PU-2080 JASCO pump, RI-2031 
differential refractometer and a UV-8011 UV detector. Each measurement was conducted 
at 30 °C with a THF flow rate of 1 ml/min. The rubber solution was prepared by the 
dissolution of rubber into tetrahydrofuran (0.05 w/v%) and filtered through a 0.1-µm-pore 
size membrane filter (Whatman
®
). Standard polystyrene (TOSOH) was used to calibrate 
the molecular weight. 
3.2.6 Nitrogen content determination  
The nitrogen content of the commercial rubber films was determined by Kjeldahl 
method as described in Rubber Research Institute of Malaysia Test Method B7 [12]. A 
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mixture of rubber (0.1 g) and a catalyst (0.65 g) with a ratio of 15:2:1 (K2SO4:CuSO4:Se) 
was digested with concentrated H2SO4 (2.5 ml) until the digested solution turned clear 
green. The resulting solution was distilled after neutralization with NaOH solution and 
the distillate was titrated with H2SO4 (0.01 N) with methyl red as an indicator. The end 
point of the titration was determined when the color changed from yellow to light pink. A 
blank sample without rubber was prepared using a similar method. The equation to 







where V1 and V0 are the volume (ml) of H2SO4 for titration of the sample and blank 
sample, respectively. 
3.2.7 Nuclear magnetic resonance (NMR) spectroscopy             
 Liquid state NMR measurements were performed with a JEOL FT-NMR ECA-







H-NMR measurements were performed in a 5-mm ϕ tube with C6D6 as 
a solvent at 50 °C for 5000 scans at the pulse repetition time of 7 s with recycle delay of 
4.24 s. The 
13
C-NMR and DEPT measurements were performed in a 10-mm ϕ tube in 
CDCl3 at room temperature in a JEOL FT-NMR EX-400 for 40000 scans at the pulse 
repetition time of 5 s with recycle delay of 3.79 s. 
3.2.8 Tensile measurements 
Tensile tests were conducted at room temperature using a Toyo Seiki Strograph 
VG10E according to JIS K6251. Film samples (approximately 1 mm in thick) were cut 
with a Dumbbell-shaped No.7. The crosshead speed was 200 mm/min. The measurement 
was repeated three times for each sample. 
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3.3 Results and discussion 
 Figure 3-2 shows the 
1
H-NMR spectra for acetone-extracted PC, RSS3, STR5L, 
TSS8
®
 and SMR20. Three major signals appeared at 1.77, 2.20 and 5.29 ppm, which 
were assigned to the methyl (-CH3), methylene (-CH2) and methine proton (=CH) of the 
cis-1,4-isoprene unit. In addition, several small signals appearing in 
1
H-NMR spectra of 
the samples may be attributed to the signals of the abnormal groups or the non-rubber 
components present in NR. For instance, the signals at 3.92, 4.03, 4.08 and 4.22 ppm 
were assigned to the methylene proton linking the mono- and diphosphate groups of the 
phospholipid at the α-terminal unit as reported in the literature [13]. The signals at 2.80 
and 5.63 ppm were likely due to the methylene proton (-CH2-CH=CH-) and methine 
proton (-CH2-CH=CH-) of the unsaturated fatty acids (e.g, linoleic or linolenic acid), 
which linked to the NR molecules. These signals were also observed in the 
1
H-NMR 
spectrum for the rubber purified from commercial high-ammonia latex. 
 The signal at 2.63 ppm was assigned to the methine proton of an epoxidized 
isoprene unit. As previously reported, this signal could be attributed to the oxidative 
degradation of NR and unsaturated fatty acids [9]. In the present work, the appearance of 
the signal in the 
1
H-NMR spectra of the samples after acetone extraction confirmed that 
the epoxy group was mainly present on the backbone of NR and was not a side group or 
associated with non-rubber impurities. This signal provides direct evidence that 
epoxidation occurs in commercial rubbers. 
 





H-NMR spectra for (a) PC-AE, (b) RSS3-AE, (c) STR5L-AE 
(d) TSS8
®
-AE and (e) SMR20-AE 
 In the methyl proton region, ranging from 1.5 to 1.8 ppm (cf Figure 3-2), one 
signal at 1.64 ppm was found for PC, RSS3 and STR5L, whereas two signals at 1.64 and 
1.67 ppm were found for TSS8
®
 and SMR20. The signal at 1.64 ppm was assigned to the 
methyl proton of the trans-1,4-isoprene unit in the trans-trans sequence and that at 1.67 
ppm was assigned to the methyl proton of the trans-1,4-isoprene unit in the cis-trans 
sequence [8,13]. These two signals were not observed clearly in the 
1
H-NMR spectra for 
the commercial rubbers.  
 The rubbers were subjected to transesterification because transesterification has 
been known to decompose the branching points associated with the linked fatty acid, 
yielding a linear chain. In Figure 3-3, which shows the 
1
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of transesterified commercial NR between 1.4 and 1.8 ppm, the signals at 1.64 and 1.67 
ppm were clearly resolved. Consistent with the above assignment, the signal at 1.67 ppm 
was observed in 
1
H-NMR spectra of TSS8
®
 and SMR20. These results suggest that cis-
trans isomerization occurs in TSS8
®
 and SMR20, but not in PC, STR5L and RSS3. 
 
 
Figure 3-3 Expanded 
1
H-NMR spectra for sol fraction of (a) PC-TE, (b) RSS3-TE, 
 (c) STR5L-TE, (d) TSS8
®
-TE and (e) SMR20-TE  
To confirm the assignment for 
1
H signals, it is necessary to perform 
13
C-NMR 
measurements for these samples in CDCl3 (Figure 3-4). The five characteristic signals for 
the cis-1,4-isoprene unit in NR appeared at 23.4, 26.4, 32.2, 125.0 and 135.2 ppm, which 
were assigned to C5, C4, C1, C3 and C2 of cis-1,4-isoprene unit, respectively. One signal 
at 39.8 ppm appeared in the 
13
C-NMR spectra of PC, RSS3 and STR5L, whereas two 
signals at 39.8 and 40.0 ppm were found in the 
13
C-NMR spectra of TSS8
®
 and SMR20. 
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carbons of the trans-1,4-isoprene units in the trans-trans and the cis-trans sequences, 
respectively [8]. The trans-trans sequence may originate from the ω-terminal unit, 
whereas the cis-trans sequence may be formed from the long cis-1,4-polyisoprene. The 
signal at 40.0 ppm in the 
13
C-NMR spectra of TSS8
®
 and SMR20 provides conclusive 
evidence that cis-trans isomerization occurs in the cases of TSS8
®
 and SMR20. These 
findings were consistent with those from the 
1





C-NMR spectra for (a) PC-AE, (b) RSS3-AE, (c) STR5L-AE,  
(d) TSS8
®
-AE and (e) SMR20-AE 
In the 
13
C-NMR spectra of these samples, several small signals appeared at 60.8, 
64.4, 64.5 and 69.2 ppm. As reported in the literature, the signals at 60.8 and 64.5 ppm 
were assigned to C2 (-C-) and C3 (-CH) of the cis epoxy group [14]. On the other hand, 
the signal at 64.4 ppm has previously been assigned to -CH2OP in a mono- or di-
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phosphate group or -CH2OCO of the glyceride structure in phospholipids at the α-
terminal [15]. These four small signals in 
13
C-NMR  spectrum seem to be difficult to 
assign correctly because of small difference in chemical shift. Therefore, it is necessary to 
perform DEPT measurements with various pulse sequences to determine the substituents 
for each carbon atom. Figure 3-5 shows the DEPT spectra for STR5L-AE as an example. 
The signal at 64.4 ppm appeared downward in DEPT135, upward in DEPT45 and was 
null in DEPT90; hence, the signal was assigned to the methylene group of a secondary 
carbon (-CH2). In contrast, the signal at 64.5 ppm appeared upward in the DEPT45, 
DEPT90 and DEPT135 spectra and it was assigned to the methine group of a tertiary 
carbon (-CH). Therefore, the signal at 64.5 ppm was due to C3 of an epoxy group, while 
the signal 64.4 ppm was from a -CH2OP or -CH2OCO group. The other signal at 60.8 
ppm was assigned to a quaternary carbon because it appeared null in the DEPT45, 
DEPT90 and DEPT135 spectra. The remaining signal at 69.2 ppm was assigned to a 
secondary carbon because it shifted upward in DEPT45, null in DEPT90 and downward 
in DEPT135; this signal may arise from the another methylene carbon linking to the 
phosphate group in the glyceride structure and not a tertiary alcohol as reported in the 
literature [16].  
 
 





C-NMR spectra with pulse sequences of DEPT for STR5L-AE:  
(a) DEPT45, (b) DEPT90 and (c) DEPT135  
 From the above assignments, the epoxy group and trans-1,4-isoprene unit from 
cis-trans isomerization exist on the rubber chain of commercial NR, suggesting that 
epoxidation and cis-trans isomerization occur in commercial NR. Because previous 
works have reported that these two reactions occur during degradation of NR [17], it is 
necessary to investigate the factors that induce degradation in commercial rubbers. It is 
noteworthy that isomerization was found in TSS8
®
 and SMR20 but not in PC, RSS3 and 
STR5L. The main difference in preparing these samples is the temperature of the drying 
process (i.e., TSS8
®
, STR5L and SMR20 were dried between 100 and 130 °C, while PC 
and RSS3 were prepared at lower temperatures of 37 and 70 °C, respectively). These 
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Figure 3-6 Schematic representation of oxidative degradation in commercial NR  
In the present work, the formation of the epoxy group suggests commercial 
rubbers undergo oxidative degradation. Figure 3-6 shows a schematic representation of 
the oxidative mechanism in commercial NR, which follows a radical route as reported in 
the literature [18]. Under high-temperature processing, radicals may be generated from 
the oxidation or degradation of lipids and subsequently incorporate oxygen in the air to 
form a peroxy radical species RO2
[19]. The peroxy radical, in turn, attacks the double 
bond on the rubber chain to produce a macro-radical, which then generates the epoxy 
group as shown in scheme (a). In the previous work, oxidative degradation of NR was 
reported to produce more cis than trans epoxy group, but the trans epoxy group was more 
favorable under a high temperature [18]. However, trans epoxy group was not detected 
on the rubbers in the current work. On the other hand, cis-trans isomerization was 
detected only in TSS8
®
 and SMR20. As shown in scheme (b), the isomerization 
mechanism likely involves a radial species attacking the double bond of the cis-1,4-
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unit. Under the high temperature condition, the mobility of the polymer chain favors 
rotation, resulting in cis-trans isomerization.  
 The existence of the epoxy group from epoxidation and trans-1,4-isoprene unit 
from cis-trans isomerization are evidences of auto-oxidative degradation in commercial 
rubbers. To evaluate the extent of degradation (i.e., epoxidation and isomerization), the 
intensities of the epoxy group and trans-1,4-isoprene unit were determined. The epoxy 
group content (χ2.63ppm) and trans content (χ1.64-1.67ppm) were calculated based on the 
intensity ratio of the signal at 2.63 ppm for the epoxy group and 1.64-1.67 ppm for the 
trans-1,4-isoprene units, respectively, to the signal at 1.77 ppm. The equations are 
expressed as follows: 
 
    
 
where I is the signal intensity. The subscripts represent the relevant chemical shifts. Table 
3-1 shows the values of the epoxy group and the trans-1,4-isoprene unit contents. The 
epoxy group content and trans-1,4-isoprene unit content were very similar. The 
epoxidation level of SMR20 was the highest, indicating that oxidative degradation 
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Table 3-1 Epoxy group content and trans content of commercial rubbers 
Sample 
Epoxy group content and trans content (%) 
χ2.63ppm χ1.64-1.67ppm 
PC-AE 0.015 0 
STR5L-AE 0.045 0.045 
RSS3-AE 0.048 0.046 
TSS8
®
-AE 0.036 0.037 
SMR20-AE 0.075 0.084 
 
On the other hand, the degree of cis-trans isomerization in commercial NR could 
be estimated by the intensity of the signals at 40.0 ppm (χ40.0ppm) to the methyl carbon 






x100  (3) 
where I is the intensity of the signal and the subscripts represent the relevant chemical 
shifts. Table 3-2 lists the estimated values for the intensity ratio of the signal at 40.0 ppm. 
As shown in the table, TSS8
®
 had lower level of cis-trans isomerization than SMR20 and 
cis-trans isomerization was not detected in RSS3. In previous work, cis-trans 
isomerization was attributed to heating in a smokehouse and the drying tunnels. Fuel 
combustion generates combustible gases such as NO2 and SO2, which promote cis-trans 
isomerization in NR [7]. However, in the present work, cis-trans isomerization was not 
detected for RSS3, suggesting that cis-trans isomerization may be due to the processing 
temperature and not to combustible gases.  
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Table 3-2 Intensity ratio of the signal at 40.0 ppm to the signal at 23.4 ppm 
 









If the epoxy group and the trans-1,4-isoprene unit are due to degradation of these 
commercial rubbers, the distribution of these groups should be inversely proportional to 
the molecular weight. Figure 3-7 plots the trans-1,4-isoprene unit content and epoxy 
group content versus the molecular weight of commercial rubbers. Both the trans-1,4-
isoprene unit content and epoxy group content were roughly inversely dependent on the 
molecular weight. The lower molecular weight, the higher the epoxy group content and 
the trans-1,4-isoprene unit content. This may be explained to be due to the trans-1,4-
isoprene unit and epoxy group are formed by oxidative degradation of NR during 
processing, since the low molecular weight fraction is able to be produced by chain 
scission of the rubber. Therefore, the existence of the epoxy group from epoxidation and 
the trans-1,4-isoprene unit from cis-trans isomerization are evidences of NR degradation. 
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Figure 3-7 Plots of the trans content () and the epoxy content () versus the average 
molecular weight of commercial rubbers  
  
Figure 3-8 Stress-strain curves for (a) STR5L-AE, (b) RSS3-AE, (c) PC-AE, 
(d) TSS8
®
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 Figure 3-8 shows the stress-strain curves for STR5L, RSS3, PC, TSS8
®
 and 
SMR20 after acetone extraction, where σ and γ represent stress and strain, respectively. 
The stress versus strain for PC, STR5L, RSS3 and TSS8
®
 increased significantly at the 
strain of 3 while the stress of SMR20 increased slightly at the strain of 8. The abrupt 
increase in stress in the small strain region is attributed to the strain induced 
crystallization of the rubbers [20]. The literature reports that the strain induced 
crystallization of NR is governed by the presence of non-rubber components (i.e., 
proteins and phospholipids) and the naturally occurring network. Table 3-3 shows fatty 
acid content, nitrogen content and gel content of the rubbers. The highest stress for 
STR5L, RSS3 and TSS8
®
 at the strain of 3 was ascribed to the high amount of non-
rubber components, e.g., high linked fatty acid content or nitrogen content [21,22]. Both 
PC and SMR20 contained similar amount of non-rubber components, however, the stress 
increased abruptly during straining in PC sample, while it slightly increased in SMR20 
until the strain of 8. This phenomenon of stress-strain behavior in SMR20 suggests the 
flow of the rubber upon straining [22]. Since the fatty acid content of SMR20 was similar 
to that of PC, the flow of the rubber during straining of SMR20 sample may be explained 
by the absence of a naturally occurring network. This assumption was supported by the 
fact that the SMR20 film contains very little gel, i.e., about 6 w/w%, compared to 15.1 
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Table 3-3 Nitrogen content, fatty acid ester content and gel content of  




Fatty acid ester content 
(mmol/kg-rubber)  
Gel content  
(w/w%) 
PC-AE 0.276 8.4 15.1 
STR5L-AE 0.408 13.5 11.1 
RSS3-AE 0.345 8.5 5.2 
TSS8
®
-AE 0.435 7.6 7.0 
SMR20-AE 0.176 9.9 6.0 
   
 
Figure 3-9 Plots of the trans content () and the epoxy group content ()  
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 The stress at break of the rubbers was determined for each sample during 
extension. PC had the highest stress value of 8.0 MPa, whereas those of STR5L, RSS3, 
TSS8
®
 and SMR20 were 5.9, 4.9, 2.9, 2.7 and 1.6 MPa, respectively. The high stress at 
break of PC and STR5L may correspond to the high gel contents, which were 15.1 w/w% 
and 11.1 w/w%, respectively. However, it seems to be difficult to explain the difference 
in stress at break of RSS3, TSS8
®
 and SMR20 in spite of similar amount of gel. By 
taking into account the degradation of the rubbers during processing, it is possible to 
examine the effect of the damage of the rubbers on its mechanical properties. Figure 3-9 
plots the trans-1,4-isoprene unit content and epoxy group content versus stress at the 
break of commercial rubbers. As the content of the abnormal groups increased, the stress 
at the break of the rubbers decreased. The lower the stress at the break of the rubbers 
having the higher epoxy group and trans-1,4-isoprene unit contents may be explained to 
be due to the lower crystallizability. It is reasonable to hypothesize that the 
crystallizability of NR is mainly due to the characteristic of the long sequence of the cis-
1,4-isoprene units of NR [23]. The existence of the epoxy group or trans-1,4-isoprene 
unit on the main chain of the rubber molecules should shorten the long cis-1,4-isoprene 
sequence and consequently, reduce the tensile strength of the rubbers. Therefore, 
oxidative degradation is the main factor affecting the green strength of NR. 
3.4 Conclusion 
Two abnormal groups, the trans-1,4-isoprene unit from cis-trans isomerization 
and the epoxy group, were present in the main chain of the rubber molecule as evidence 
from the structure characterization of various commercial NRs through NMR 
spectroscopy. The increases in the trans-1,4-isoprene unit content and epoxy group 
content as the molecular weight decreased suggested that the low molecular weight 
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fractions were the degradation products of NR. Consequently, the mechanical properties 
were roughly inversely proportional to the amount of abnormal groups in commercial 
rubbers. Although epoxidation occurred in PC, RSS3, STR5L, TSS8
®
 and SMR20, the 
cis-trans isomerization only occurred in TSS8
®
 and SMR20. The cis-trans isomerization 
in TSS8
®
 and SMR20 was related to the high drying temperature used to prepare 
commercial rubbers (i.e., more than 100 °C). This finding indicates that the drying 
temperature is an important factor inducing the degradation and consequently, the 
mechanical properties of commercial NR. 
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CHAPTER  4 




Naturally occurring crosslinking junctions of NR are widely recognized to play an 
important role in mechanical properties of the rubber such as green strength. Abrupt 
increase in stress versus strain was found for unvulcanized NR due to the effects of 
naturally occurring crosslinking junctions linking to fatty acid ester groups in conjunction 
with fatty acids and their esters present as a mixture [1-5]. The exact effects of the 
naturally occurring crosslinking junctions, fatty acids and their esters are known to be 
concerned with the strain induced crystallization of the rubber. For instance, the strain 
induced crystals, rapidly formed by their effects, may enhance the mechanical properties 
as physical crosslinking junction and filler [6,7]. Thus, factors influencing the strain 
induced crystallization have been deeply investigated as a long term mysterious subject in 
relation to the effects of the naturally occurring crosslinking junctions, fatty acids and 
their esters. However, ambiguity in structural basis still remains in the relationship 
between the strain induced crystallization and the effects of naturally occurring 
crosslinking junctions together with fatty acids.  
The naturally occurring crosslinking junctions may be associated with the 
fundamental structure of NR. In particular, a role of unknown terminal units to form 
naturally occurring crosslinking junctions attracts much attention in terms of biosynthesis 
of the rubber as well as a subsequent reaction in Hevea brasiliensis. The fundamental 
structure of NR has been reported to consist of ω-terminal unit, two trans-1,4-isoprene 
units, about 5000 cis-1,4-isoprene units and α-terminal unit, aligned in this order [8]. The 
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ω-terminal unit is hypothesized to react with a polar group after biosynthesis, which is 
attracted with proteins to form physical crosslinking junctions. In contrast, the α-terminal 
units may link to phospholipids to form the chemical crosslinking junctions. Thus, NR 
may possess three-dimensional network as a gel [9]. The network structure may play an 
important role in the mechanical properties, in which stress concentration takes place at 
the naturally occurring crosslinking junctions linking to fatty acid esters. The linked fatty 
acid esters may form crystalline phase with fatty acids present as a mixture. The strain 
induced crystallization of NR may be promoted by the nucleating effect of fatty acids and 
their esters [10-12]. Thus, the outstanding mechanical properties of NR may be attributed 
to the stress concentration due to the naturally occurring crosslinking junctions and the 
nucleating effect of fatty acids / their esters.  
The effects of the naturally occurring crosslinking junctions and fatty acids / their 
esters on the mechanical properties of NR were extensively investigated with respect to 
the crystallization of the rubber. Gent reported that the crystallization of NR was 
significantly promoted by fatty acids as a nucleating agent [13,14]. Burfield and Tanaka 
confirmed the effect of fatty acids on the crystallization of NR and synthetic cis-1,4-
polyisoprene [8,15]. Kawahara proved the nucleating effect of fatty acids on the 
crystallization of NR, in the previous works [16], as observing the nucleation and growth 
of the crystals of the rubber. The nucleating effect of fatty acids was also found for the 
strain induced crystallization, as reported by Stevenson [18] and Gent [11,13]. In 
contrast, the naturally occurring crosslinking junctions were found to play an important 
role in the tensile strength of unvulcanized NR [1,3,4], i.e., green strength, although the 
chemical crosslinking junctions suppressed the crystallization of the rubber [19]. Under 
these circumstances, it is, therefore, difficult to determine the dominant factors 
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influencing the mechanical properties of NR as well as the strain induced crystallization. 
One may investigate the effects of the naturally crosslinking junctions and the fatty acids 
/ their esters on the mechanical properties of NR, respectively, using a suitable model 
compound.   
 In previous work, the effect of linked fatty acids on the green strength of NR was 
investigated after purification of the rubber [10]. Innovative purification procedures of 
NR were developed: that is, deproteinization of the rubber with urea and surfactant in 
latex stage followed by centrifugation [18], transesterification of the rubber in toluene 
solution [20], fractionation of NR particles in latex stage [21] and so forth. Among these, 
small rubber particles in skim fraction was taken into account, since NR present in the 
small rubber particles, i.e., skim rubber, was assured to be a linear molecule. The 
unvulcanized skim rubber exhibited an increase in stress versus strain, which was 
distinguished from no increase in stress versus strain for unvulcanized synthetic cis-1,4-
polyisoprene. This was explained to be due to the effect of non-rubber components, since 
skim rubber contained large amount of the proteins and fatty acids [5]. In addition, less 
stereo regularity of synthetic cis-1,4-polyisoprene, i.e., 98.8 % cis-1,4-isoprene units, 1 % 
trans-1,4-isoprene units and 0.2 % 3,4 units, was concerned with one of the reasons why 
the tensile strength of unvulcanized synthetic cis-1,4-polyisoprene was so low: that is, 
less than 1 MPa [20]. In order to investigate the increase in stress versus strain for the 
skim rubber, one must use purely high cis-1,4-polyisoprene, apart from synthetic cis-1,4-
polyisoprene. 
Rubber isolated from Parthenium argentatum Gray, i.e., Guayule rubber, is being 
extensively studied as an alternative source of NR due to purely high cis-1,4-isoprene 
units and outstanding mechanical properties [22]. Unlike NR isolated from Hevea 
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brasiliensis, Guayule rubber was extracted from crush shrubs with organic solvent, i.e., 
hexane [23]. Therefore, Guayule rubber must be soluble in organic solvent, which may 
not contain the naturally occurring crosslinking junctions. Moreover, Guayule rubber 
may contain little amount of the proteins, due to poor solubility of the proteins into 
organic solvent. Thus, as long as Guayule rubber is used as a model of NR, one may 
investigate the effect of fatty acids and their esters on the mechanical properties of NR 
without taking account of the effects of the proteins and the naturally occurring 
crosslinking junctions. 
In the present work, structural characterization of Guayule rubber was performed 
through NMR spectroscopy and size exclusion chromatography as well as determination 
of composition of non-rubber components through FT-IR spectroscopy and Kjeldahl 
method. The structure and non-rubber components of the Guayule rubber were compared 
with those of NR obtained from Hevea brasiliensis. The stress versus strain and the green 
strength of Guayule rubber and NR were related to the structure of the rubbers and the 
non-rubber components.  
4.2 Experimental 
4.2.1 Materials  
Natural rubber latex used in the present study was commercial high ammonia 
natural rubber (HANR) latex purchased from Golden hope company (Malaysia). Total 
solid content (TSC) and dry rubber content (DRC) of the HANR latex were 62 and 60.7 
w/w%, respectively. Guayule rubber was provided by Dr Katrina Cornish (Chicago 
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4.2.2 Purification of samples 
Guayule rubber was extracted with acetone for about 24 hours to remove 
impurities such as lipids and fatty acids/their esters. Acetone-extracted Guayule rubber 
was dried in vacuum oven at 30 
0
C for a week before characterization. 
Deproteinization of HANR latex was carried out at room temperature by 
incubation of the latex with 0.1 w/w% urea in the presence of 1 w/w% sodium dodecyl 
sulfate (SDS). The cream fraction was re-dispersed in 1 w/w% SDS aqueous solution to 
make 30 w/w% DRC latex and it was washed twice by centrifugation to prepare 
deproteinized natural rubber (DPNR) latex. As-cast film of DPNR was prepared from the 
DPNR latex and it was extracted with acetone after cutting into small pieces. The 
acetone-extracted DPNR (DPNR-AE), dissolved into toluene (1 w/v% solution), was 
subjected to transesterification with sodium methoxide to prepare transesterified DPNR 
(DPNR-TE). The purified rubbers were dried at 50 
0
C under reduced pressure for a week. 
4.2.3 Preparation of rubber films 
The rubber films of HANR and DPNR were prepared by casting the rubber 
latexes into petri-dish and they were dried at 50 
0
C under reduced pressure for a week. 
The resulting DPNR film was subjected to acetone extraction for 24 hours under N2 gas 
to get DPNR-AE film. In contrast, the rubber films of DPNR-TE and Guayule rubber 
were prepared by casting the toluene solutions of the rubbers into petri-dish, followed by 
drying at 30 
0
C under reduced pressure for a week. The resulting films were used for 
characterization and tensile test. 
4.2.4 Characterization 
Nitrogen content was determined by Kjeldahl method as described in the Rubber 
Research Institute of Malaysia Test Method B7 [24]. 
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Content of fatty acid ester groups was determined by quantitative analysis with a 
calibration curve made with mixtures of stearic acid methyl ester and synthetic cis-1,4-
polyisoprene, Kuraprene IR10, in which intensity ratio of peak at 1740 cm
-1
 to peak at 
1640 cm
-1
 was plotted versus concentration of stearic acid methyl ester. FT-IR 
measurements were performed with a JASCO FT-IR 4100 spectrometer. Samples for FT-
IR measurement were prepared by casting 2 w/w% chloroform solution onto a KBr disk.  
Gel content was determined by swelling method. The gel fraction was separated 
from sol fraction by centrifugation at 10000 rpm at 15 
0
C for 30 min, after soaking 0.04 g 
of rubber sample in 40 g of dried toluene for a week. The gel fraction was dried under 
reduced pressure at 50 
0
C for a week. The gel content was calculated from weight of 
dried gel and weight of neat rubber.  
Measurements of molecular weight and molecular weight distribution of the 
rubbers were made with a JASCO LC-2000 GPC, consisting of PU-2080 pump, RI-8012 
Differential Refractometer and UV-8011 UV detector. The measurement was made at 30 
0
C and the flow rate of the mobile phase, THF, was 1 ml/min. 
1
H-NMR measurements were carried out at 50 
0
C with a JEOL FT-NMR ECA-
400 spectrometer at the pulse repetition time of 7 s at scans of 5000. 
13
C-NMR 
measurements were performed with a JEOL FT-NMR EX-400 spectrometer at the pulse 
repetition time of 5 s at scans of 40000 at room temperature. 
Tensile properties were measured at room temperature with a Toyo Seiki 
Strograph VG10E, according to JIS K6251. Film samples (approximately 1 mm in thick) 
were cut with a Dumbell-shaped No.7. Each test piece was stretched at a crosshead speed 
of 200 mm/min. Data was plotted in stress-strain curve. 
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4.3 Results and Discussion 
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Figure 4-1 shows 
1
H-NMR spectra for acetone-extracted DPNR (DPNR-AE), 
transesterified DPNR (DPNR-TE) and acetone-extracted Guayule rubber (Guayule-AE), 
respectively, in which measurements were performed in C6D6 solutions. In the spectra, 
three major signals appeared at 1.77, 2.20 and 5.29 ppm, which were assigned to methyl 
(-CH3), methylene (-CH2-) and unsaturated methine protons (=CH-) of cis-1,4-isoprene 
units, respectively. The chemical structure of repeating units of Guayule rubber and 
natural rubber may, thus, be confirmed to be the same as each other, as reported in the 
previous works [22,25]. 
 
Figure 4-2 Expanded 
1
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Figure 4-2 shows expanded 
1
H-NMR spectra for DPNR-AE, DPNR-TE and 
Guayule-AE, ranging from 1.5 to 1.7 ppm. In the spectra, a signal around 1.64 ppm 
appeared for DPNR-AE, DPNR-TE and Guayule-AE, which was assigned to methyl 
group of trans-trans-cis sequence, according to the assignments of model compounds, 
i.e., prenol-12 having three trans-1,4-isoprene units and prenol-18 having two trans-1,4-
isoprene units in the structure [26]. However, no signal assigned to ω-trans-trans 
sequence was found for the rubbers. This may be explained to be due to unexpected 
chemical modification of ω-terminal unit to form ω’-trans-trans sequence, according to 
the previous works [26-28]. The detail assignments for the signal around 1.64 ppm are 
tabulated in the Table 4-1.  
 
Table 4-1 Assignments of signal around 1.64 ppm to methyl proton signals of trans-1,4-
isoprene units for natural rubber and Guayule rubber together with model compounds 
DPNR-AE DPNR-TE Guayule-AE Prenol-18 Prenol-12 Assignment 
   1.619 1.616 ω-trans-trans 
1.649 1.650 1.643 1.632 1.637 trans-trans-cis 
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A little bit difference in the value of chemical shift for trans-trans-cis sequence 
between the rubbers and model compounds may be considered to be due to the 


























  Chapter 4 
 67 
Figure 4-3 shows the 
13
C-NMR spectra for DPNR-AE, DPNR-TE and Guayule-
AE, respectively, in which measurements were performed in CDCl3 solutions. Five major 
signals at 23.4, 26.4, 32.2, 125.0 and 135.2 ppm were assigned to C5, C4, C1, C3 and C2 
carbons of cis-1,4-isoprene units, respectively. It is, thus, ensured that the chemical 
structure of Guayule is the same as that of NR, based on the characterization through 
13
C-
NMR spectroscopy and 
1
H-NMR spectroscopy. In the 
13
C-NMR spectrum for DPNR-AE, 
a signal at 29.6 ppm was assigned to methylene carbon, -CH2, of long chain fatty acids 
linking to NR. This signal did not appear in the 
13
C-NMR spectra for DPNR-TE and 
Guayule-AE. The absence of the signal at 29.6 ppm in 
13
C-NMR spectrum for DPNR-TE 
may be explained to be due to the removal of fatty acid ester groups linking to natural 
rubber through transesterification, whereas that for Guayule rubber is attributed to the 
removal of fatty acids and their esters as a mixture. This demonstrates that Guayule 
rubber contained fatty acids / their esters as a mixture, but it did not fatty acid ester 
groups linking to the rubber. Consequently, it is found that the structure of α-terminal unit 
of Guayule rubber is distinguished from that of NR; in other words, no physical 
interaction and no chemical linkage are formed between cis-1,4-isoprene and fatty acids / 
their esters in the case of Guayule rubber.  
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Figure 4-4 Molecular weight distribution (MWD) curves for (a) Guayule,  
(b) Guayule-AE (c) HANR,  (d) DPNR and (e) DPNR-TE 
3 4 5 6 7 8 
Log MW 
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Log MW 
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Figure 4-4 shows molecular weight distribution (MWD) for Guayule rubber, 
Guayule-AE, HANR, DPNR and DPNR-TE. As for Guayule rubber, the MWD was 
unimodal and symmetrical, in which the molecular weight at peak top was about 10
6
 
g/mol. The unimodal MWD for Guayule rubber was distinguished from the reported 
multimodal MWD, i.e., bimodal and trimodal MWD, which was found for Guayule 
rubber obtained from Guayule cultivated in greenhouse and in field [30]. This is 
attributed to the well-established procedure to extract the rubber from Guayule, as 
reported by Cornish [31]. The MWD for Guayule rubber didn’t change after acetone 
extraction. In contrast, the MWD for HANR was bimodal and unsymmetrical, in which 
the molecular weight at peak top for higher molecular weight fraction was 10
6
 g/mol and 
that for lower molecular weight fraction was 10
5
 g/mol. The MWD of NR changed after 
acetone extraction and transesterification. The intensity of lower molecular weight 
fraction increased slightly after deproteinization of the rubber and it increased 
significantly after transesterification. The bimodal, unsymmetrical MWD may be 
attributed to the branching structure of NR, which is held with naturally occurring 
crosslinking junctions. The changes in MWD after deproteinization and 
transesterification may, thus, be explained to be due to the decomposition of physical 
crosslinking junctions through deproteinization and the decomposition of chemical 
crosslinking junctions through transesterification. From the MWD, the number average 
molecular weight, Mn, the weight average molecular weight, Mw, and polydispersity, 
Mw/Mn, of Guayule rubber, Guayule-AE, HANR, DPNR and DPNR-TE were estimated. 
Table 4-2 shows the values of Mn, Mw and Mw/Mn. The values of Mn and Mw of NR were 
similar to those of Guayule rubber. This implies that Guayule rubber and NR consist of 
similarly long sequence of cis-1,4-isoprene units. 
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Table 4-2 Number average molecular weight, weight average molecular weight and 
polydispersity of rubber from NR and Guayule rubber 
Samples Mn (x10
5
), g/mol Mw (x10
6
), g/mol Mw/Mn 
HANR 1.6 1.3 7.98 
DPNR 1.6 1.2 7.10 
DPNR-TE 1.5 1.1 7.32 
Guayule 2.2 0.8 3.64 
Guayule-AE 1.7 0.7 3.94 
 
4.3.2 Characterization of non-rubber components 
Figure 4-5 shows FT-IR spectra for HANR, DPNR, DPNR-AE, DPNR-TE, 
Guayule rubber and Guayule-AE, ranging from 3200 to 3500 cm
-1
 and from 1500 to 1800 
cm
-1
, respectively. As for HANR, absorption peaks appeared at 3280 and 3320 cm
-1
, 
which were identified to N-H stretching vibration of amide groups: that is, 3280 cm
-1
 for 
polypeptide and 3320 cm
-1
 for amino acids and dipeptides, as reported in the previous 
work [32]. The other two absorption peaks at 1710 and 1740 cm
-1
 were identified to C=O 
stretching vibration of fatty acids and esters group, respectively, which were assigned to 
fatty acids and their esters. After deproteinization, the peak at 3280 cm
-1
 was lowered and 
the peak at 3320 cm
-1
 disappeared, as is evident from Figure 4-5b. The small peak at 
3280 cm
-1
 remained after acetone extraction and transesterification (Figure 4-5c and 4-
5d). In contrast, the peak at 1740 cm
-1
 was lowered after acetone extraction and the peak 
at 1710 cm
-1
 disappeared. The peak at 1740 cm
-1
 completely disappeared after 
transesterification. In the previous work, the remaining fatty acid ester groups were 
reported to link to NR as a part of complex phospholipids [33,34]. Thus, it is concluded 
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that NR possessed the naturally occurring crosslinking junctions linking to fatty acid ester 
groups.  
In Figure 4-5e, seven absorption peaks appeared for Guayule rubber at 3370, 1738, 
1706, 1660, 1635, 1600 and 1557 cm
-1
, respectively. Among these, the absorption peak at 
1660 cm
-1
 was identified to stretching vibration of C=C double bond of cis-1,4-isoprene 
units, which was similar to that of NR. The absorption peaks at 3370, 1635 and 1557 cm
-
1
 were identified to N-H stretching vibration of amide group, amide I stretching vibration 
and amide II bending vibration, respectively. However, the absorption peak at 3320 cm
-1
 
didn’t appear for Guayule rubber, which was distinguished from NR. After acetone 
extraction, the peaks at 3370 and 1635 cm
-1
 disappeared and the absorption peak at 1557 
cm
-1
 was lowered and remained. This implies that Guayule rubber contains the acetone 
extractable nitrogenous compounds such as sphingolipids and the other functional 
compounds. The peak at 1557 cm
-1
 is, thus, attributed to not only the amide groups but 
also other unknown functional groups. In contrast, the other two peaks at 1706 and 1738 
cm
-1
 were identified to C=O stretching vibration of fatty acids and their esters, 
respectively. Unlike NR, these peaks disappeared after acetone extraction in Guayule 
rubber; in other words, all fatty acids and their esters present in Guayule rubber were 
removed by acetone extraction, since they existed as a mixture, which didn’t link to the 
rubber. This demonstrates that no naturally occurring crosslinking junctions are formed in 
the Guayule rubber.  
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Figure 4-5 FT-IR spectra for (a) HANR, (b) DPNR, (c) DPNR-AE and (d) DPNR-TE,  
(e) Guayule and (f) Guayule-AE 
 The content of fatty acid ester groups was estimated from a ratio of the peak height 
at 1740 cm
-1
 (C=O) to the peak height at 1660 cm
-1
 (C=C) and the nitrogen content was 
determined by Kjeldahl method. The content of fatty acid ester groups and the nitrogen 
content for Guayule rubber and NR were tabulated in Table 4-3. The nitrogen content of 
Guayule rubber was about 22 times as low as that of NR: that is, 0.014 w/w% for 
Guayule rubber and 0.304 w/w% for NR. In contrast, the content of fatty acid ester 
groups of Guayule rubber was about twice as high as that of NR: that is, 126 mmol/kg-
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rubber for Guayule rubber and 55 mmol/kg-rubber for NR. In Table 4-3, most proteins 
present in NR were removed by deproteinization, acetone extraction and 
transesterification. Fatty acids and their esters were removed about 50% by acetone 
extraction and they were completely removed by transesterification. On the other hand, 
all proteins and fatty acids / their esters present in Guayule rubber were completely 
removed by acetone extraction. 
 Gel contents of HANR, DPNR, DPNR-AE, DPNR-TE, Guayule rubber and 
Guayule-AE are also shown in Table 4-3. The gel content may be related to the crosslink 
density: that is, high gel content may correspond to high crosslink density. In Table 4-3, 
the gel content of Guayule rubber was 0 w/w%, suggesting that no gel fraction existed in 
the rubber. In contrast, NR contained significant amount of gel fraction, i.e., about 40 
w/w%. The gel content was reduced to about 30 w/w% after deproteinization and it was 0 
w/w% after transesterification. This implies that naturally occurring crosslinking 
junctions are formed in NR and they are completely decomposed by transesterification. 
Consequently, it is found that the naturally occurring crosslinking junctions are formed in 
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Table 4-3 Nitrogen content, fatty acid content, gel content of NR  
and Guayule rubber before and after purification 
Sample Nitrogen content 
(w/w%) 




















Guayule 0.014 126 0 
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4.3.3 Schematic illustration of structure of rubber 
 
 
Figure 4-6 Schematic illustration of molecular structure of NR 
 and Guayule rubber 
From the results, the molecular structure of Guayule rubber is schematically 
illustrated in Figure 4-6, in conjunction with that of NR. It is presumed that Guayule 
rubber consists of ω’-terminal unit, two trans-1,4-isoprene units, about 5000 cis-1,4-
isoprene units and α’-terminal unit, aligned in this order. The structure of Guayule rubber 
is a little bit distinguished from that of NR, which consists of ω’-terminal unit attracted to 
proteins, two trans-1,4-isoprene units, about 5000 cis-1,4-isoprene units and α’-terminal 
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According to Figure 4-6, the structure of Guayule rubber may be similar to that of 
transesterified NR, even though the exact structures of ω-terminal unit and α-terminal 
unit are not known, at all. Thus, Guayule rubber is useful as a model to investigate the 
effect of fatty acids and their esters on the mechanical properties of unvulcanized NR: 
that is green strength, since Guayule rubber didn’t contain nitrogenous source, which may 
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4.3.4 Green strength 
 
 
Figure 4-7 Stress-strain curves for (a) HANR, (b) DPNR, (c) DPNR-AE 
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Figure 4-7 shows stress-strain curves for HANR, DPNR, DPNR-AE, DPNR-TE 
and Guayule rubber, respectively, where σ and γ represent stress and strain, respectively. 
As for HANR and DPNR, abrupt increase in the stress versus strain took place at the 
strain of about 3, which may be attributed to the synergistic effect of the naturally 
occurring crosslinking junctions and fatty acids / their esters. The abrupt increase in the 
stress versus strain took place at the strain of 4 for DPNR-AE. This may be explained to 
be due to the removal of fatty acids present as a mixture, since the strain induced 
crystallization of the rubber was promoted with fatty acids. In contrast, no abrupt increase 
in the stress versus strain was found for DPNR-TE, as in the case of literature. In the 
previous work [35], it is found that the value of stress versus strain for unvulcanized 
protein-free NR was reduced by removal of all proteins, although the value for DPNR 
was similar to that for HANR. Thus, it is hypothesized that the small amount of proteins 
plays an important role in mechanical properties of NR. In order to prove the hypothesis, 
stress-strain curve for Guayule rubber was compared to those for HANR, DPNR, DPNR-
AE and DPNR-TE. The stress-strain curve for Guayule rubber was similar to that for 
DPNR-TE. However, when the initial stress versus strain was expanded, the difference in 
the stress-strain curves between Guayule rubber and DPNR-TE was realized. At the strain 
of 3, the stress of DPNR-TE increased against strain, whereas the stress of Guayule 
rubber decreased. The increase in the stress versus strain may be due to a small amount of 
the proteins, as in the case of NR present in small rubber particles, i.e., serum rubber. In 
the previous work [2], the synergistic effect of the naturally occurring crosslinking 
junctions and fatty acids / their esters was reported to play a dominant role in the 
outstanding mechanical properties of NR. The effect of the proteins was neglected, since 
the value of stress at break of HANR was the same as that of DPNR. However, in the 
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present study, it is found that the small amount of proteins play a part of role in 
mechanical properties. This is consistent with the fact that the stress at break of protein-
free NR was significantly lower than those of HANR and DPNR [35]. In addition, it is 
proved that the effect of fatty acids /their esters on the mechanical properties realized, 
when the naturally occurring crosslinking junctions were formed in NR. 
4.4 Conclusion 
The structure of Guayule rubber was found to be similar to that of NR, which 
consisted of ω’-terminal unit, two trans-1,4-isoprene units, about 5000 cis-1,4-isoprene 
units and α’-terminal unit, aligned in this order. The difference between Guayule rubber 
and NR was attributed to the non-rubber components such as the proteins and 
phospholipids. The content of fatty acids / their esters of Guayule rubber was about twice 
as high as that of NR, whereas the nitrogen content was negligibly low. The stress versus 
strain for as-cast film of Guayule rubber decreased at the strain of about 1, while that for 
as-cast film of NR increased at the strain of about 3, even after transesterification. The 
tensile strength of unvulcanized Guayule rubber was lowest among the rubbers. The 
difference in the mechanical properties between Guayule rubber and NR was attributed to 
the effect of the naturally occurring crosslinking junctions linking to fatty acid ester 
group formed in NR as well as the effect of proteins, but it was not to the effect of fatty 
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CHAPTER  5 
General conclusion  
In the present work, the naturally occurring crosslinking junctions were found to 
be a dominant factor enhancing mechanical properties of NR, based on the structural 
analyses of the rubber.  
In chapter 2, the assignments of all small signals to the terminal units of the 
rubber molecule were made with rubber obtained from Lactarius Volemus (LV) as a 




signals were correlated to 
1
H-NMR signals through 2D-NMR spectroscopy. 
The 
13
C-NMR signals at 124.7, 124.8 and 125.0 ppm were assigned to C3 methine 
carbons of the terminal units, based on the assignments for prenyl 11 and prenyl 18 
monophosphate as models: that is, the signal at 124.7 ppm assigned to C3 of trans-1,4-
isoprene unit in trans-trans-cis sequence, the signal at 124.8 ppm assigned to C3 of trans-
1,4-isoprene unit in ω-trans-trans sequence and the signal at 125.0 ppm assigned to C3 of 
dimethylallyl group at ω-terminal unit. The structure of ω-terminal unit was proved to be 
dimethylallyl group linking to two trans-1,4-isorpene units, whereas that of α-terminal 
unit was proved to be cis-1,4-isoprene unit linking to hydroxyl group (-OH) and ester 
group (-OCOR). Consequently, assignments of the small signals to the terminal units of 
LV rubber were completed in the present study and they were distinguished from those of 
abnormal groups and non-rubber components present in NR.  
In chapter 3, the effect of abnormal groups on mechanical properties was studied 
with the various commercial NRs through solution state NMR spectroscopy. It was found 
that two abnormal groups, i.e., trans-1,4-isoprene unit and epoxy group existed in the 
main chain of the rubber molecule. The trans-1,4-isoprene unit content and epoxy group 
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content increased as the molecular weight decreased, suggesting that the low molecular 
weight fractions were generated by oxidative degradation of commercial NR. It was also 
found that the increase in trans-1,4-isoprene unit content and epoxy group content 
reduced the tensile strength of the commercial NR.  
In chapter 4, the effect of the naturally occurring crosslinking junctions on green 
strength of NR isolated from Hevea brasiliensis was investigated by using the rubber 
extracted from Parthenium argentatum Gray (Guayule) as a model. The purified NR and 
Guayule rubber were characterized and they were compared with each other in regard to 
the chemical structure, molecular weight, non-rubber components, gel content and 
mechanical properties. The content of fatty acids and their esters of Guayule rubber was 
about twice as high as that of NR: that is, 126 mmol/kg-rubber and 55 mmol/kg-rubber, 
respectively, whereas the nitrogen content was negligibly low, i.e., 0.014 w/w%. The 
tensile strength of unvulcanized Guayule rubber was lowest among the rubbers, i.e., 0.12 
MPa. The difference in the mechanical properties between Guayule rubber and NR was 
attributed to the effect of the naturally occurring crosslinking junctions linking to fatty 
acid ester groups formed in NR as well as the effect of proteins, but it was not to the 
effect of fatty acids and their esters present as a mixture. Consequently, naturally 
occurring crosslinking junctions were proved to be a dominant factor influencing the 
mechanical properties of NR.     
As a conclusion, naturally occurring crosslinking junctions were found to be the 
most important constituent for the superior mechanical properties of NR. The effect of 
non-rubber components such as fatty acids / their esters and proteins enhanced the 
mechanical properties in conjunction with the naturally occurring crosslinking junctions.  
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